Although borderline personality disorder (BPD)-one of the most common, burdensome, and costly psychiatric conditions-is characterized by repeated interpersonal conflict and instable relationships, the neurobiological mechanism of social interactive deficits remains poorly understood.
S ocial impairments are a hallmark of many psychiatric disorders and key contributors to patients' distress and difficulties in work and in their personal lives. One example is borderline personality disorder (BPD), a condition closely linked with neglect or trauma during childhood, 1, 2 in which dysregulation of emotions and interpersonal relationships are defining features. 2 Patients with BPD repeatedly encounter interpersonal conflicts, unstable relationships, and intense emotional distress. 3 Successful social interactions, cooperation, and interpersonal trust are impeded by a negative social evaluation bias, feelings of exclusion, and a heightened sensitivity to social rejection, [3] [4] [5] [6] [7] [8] and are often challenged by attention deficits. [9] [10] [11] [12] Pharmacotherapy remains largely aimed at treating affective symptoms, 13 but tailored psychotherapeutic interventions often achieve a long-term clinical remission. 2 Still, classification as a personality disorder defines an enduring and stable condition. 14, 15 At the neural level, results of functional magnetic resonance imaging (fMRI) studies point to a dysregulation of the amygdala, including a failure to habituate to affective stimuli, and a hyperreactivity of the insular cortex. [16] [17] [18] [19] Limbic dysregulation is accompanied by lower engagement of prefrontal regions, 20, 21 which may underlie patients' difficulties in regulating emotional states. 1 However, identification of the neural mechanisms underlying disturbed social functioning beyond affective dysregulation remains elusive, 3 ,22,23 not least because of the challenges of studying naturalistic social interactions using neuroimaging. One pioneering study used fMRI to identify functional brain abnormalities, 4 while studies using virtual participants to induce social experiences 22,24 found hyperactivity of the medial prefrontal and anterior cingulate cortex in patients with BPD. Nevertheless, the neural mechanisms of disturbed social interaction and the association with clinical state are currently unclear. Here, we used advances in studying immediate 2-person social interaction involving BPD during fMRI-hyperscanning, 25 where multiple individuals simultaneously undergo neuroimaging. 26, 27 A recent study reported an advanced hardware setup using fMRI-hyperscanning 25 that allows for interaction-based paradigms with a partner scan site. In a previous study of cross-brain coupling within pairs of healthy volunteers during real-time social interaction, a distinct association was identified between both partners' brain systems, occurring exclusively during immediate social contact and among real interaction pairs (ie, individuals with immediate face-to-face interaction). 25 The neural coupling developed specifically among their right temporoparietal junctions (rTPJs). This region is selective to social stimuli, 28 is closely functionally connected with all other social brain regions, [29] [30] [31] and is assumed to host the key theory of mind ability of mental state inference, 32 thus mediating interpersonal interactions. Activation deficits in the TPJ had been reported for BPD, 1, 33 and may have also been a component of activation cluster differences reported for superior temporal sulcus and gyrus in several studies. 23, 34, 35 In the present study, we assessed the value of this approach to examine neural coupling and interaction deficits in patients with BPD in relation to clinical state ( Figure 1) . We hypothesized that cross-brain information flow would be impaired and persist in patients with BPD in remission. Adverse childhood experiences are one of the most widely acknowledged risk factors for BPD. 36 Table 1 for participant data, and Table 2 for pairwise data). The study was approved by the Ethics Committee of Heidelberg University. Participants provided written informed consent (see the eAppendix in the Supplement for details on recruitment and diagnostic reliability). Volunteers were excluded for meeting exclusion criteria for MRI measurements, history of head trauma, neurologic illness, current pregnancy, or current alcohol abuse or other drug use. Healthy controls (HCs) were excluded for a lifetime history of psychiatric disorders or substance dependency. Patients were excluded for substance dependency within 1 year prior to participation or a lifetime diagnosis of schizophrenia or bipolar I disorder. Participants were included as having current BPD (cBPD) according to DSM-IV criteria and as having remitted BPD (rBPD) if a previous lifetime diagnosis of BPD was reported but 3 or fewer DSM-IV criteria for BPD were met at
Key Points
Questions What are the neurobiological mechanisms associated with social interaction deficits in borderline personality disorder and how do they change during the course of the disorder?
Findings In this cohort study using 2-person neuroimaging, neural coupling between participants' brains during interaction was significantly lower between healthy controls and patients with borderline personality disorder than between pairs of healthy controls. No differences were observed between the coupling of patients with borderline personality disorder in remission and controls.
Meaning Social neural deficits of borderline personality disorder can be measured in 2-person interaction and may be more reversible than is currently assumed for personality disorders, illustrating how social neuroscience can provide novel biomarkers of previously understudied symptom domains in psychiatry.
the time of participation and within the 2 preceding years. Current use of selective serotonin reuptake inhibitors was tolerated (5 participants; all cBPD).
Eighty HCs were randomly assigned to a second participant, forming dyadic pairs, either with another HC (HC-HC; 20 pairs), a patient with cBPD (cBPD-HC; 23 pairs), or a patient with rBPD (rBPD-HC; 17 pairs). All participants were unknown to their partner but met briefly before the experiment exclusive of verbal communication.
One-way analysis of variance (ANOVA) revealed a significant difference of group age (F 2,117 =5.7;P = .004), but not education (F 2,117 =1.1;P = .32), owing to older patients with rBPD (independent samples 2-tailed t tests, rBPD-HC/cBPD-HC T 78 =1.8;P = .07; rBPD-HC/HC-HC T 56.5 = 3.5; P = .001; cBPD-HC/HC-HC T 79.5 =1. 6;P = .11). Subsequently, age was controlled for in all analyses.
Task
The joint attention (JA) task probes an ontogenetically early, basic form of cooperation that is an important prerequisite for successful social-cognitive development by demanding mutual eye gaze performance (eAppendix and eFigure in the Supplement). It includes task phases of interaction (INT) (performed for 5 seconds) that required the transfer of information between participants via eye movement and thus cooperation for successful trial completion. The INT phase was followed by individual trial completion (NoINT) (performed for 5 seconds), and feedback (performed for 3 seconds). Details of fMRI data acquisition are in the eAppendix and eTable 1intheSupplement.
As expected from the simplicity of the assignment, the participants' task performance was at ceiling (ie, a very high success rate) ( 
Statistical Analysis
The analysis routine for 2-person hyperscanning data sets followed the advancements developed by Bilek et al. 25 To examine neural coupling within interacting pairs, we performed a group analysis of independent components using GIFT toolbox for MATLAB, version 3.0a (http://mialab.mrn.org/software /gift/index.html), resulting in 16 components for further evaluation. Our focus on an rTPJ component is derived from previous work that found rTPJ as the core region driving crossbrain neural coupling, 25 which was replicated in the current data set by identifying a component associated with social interaction that mapped on this region. We selected the component representing this brain region as the component of interest (COI) (Figure 2 ) to undergo further analysis (eAppendix and eTable 2 in the Supplement). Estimaton of group analysis of independent components is not limited to a specific region and may represent a neural network in which the rTPJ in particular participates. Participant-specific COI time courses were derived by backreconstruction and correlated for each pair, resulting in a pair measure quantifying neural coupling. Uniqueness of neural coupling to immediate social interaction was tested by permutation: pair assignments (eg, pair 1 = participants 1.1 and 1.2; pair 7 = participants 7.1 and 7.2) were randomized, forming samples of 60 randomly assigned nonpairs (nonpair 1 = participants 1.1 and 7.2). These nonpairs were scanned sequentially and were not interacting with each other; however, they underwent the same treatment, performing the JA task during interaction with a different partner (their actual partner). Neural coupling was estimated for the nonpairs and permutation was repeated 1000 times (referencing general neural Research Original Investigation State-Dependent Cross-Brain Information Flow in Borderline Personality Disorder synchrony). A comparison of frequencies for coupling nonpairs > coupling real pairs with the total event frequency delivered an empirical 1-sided P value, with P < .05 indicating uniqueness of neural coupling to true immediate interaction within real pairs (corrected for multiple comparisons by false discovery rate).
Group Comparisons of Neural Coupling Neural Coupling
The group comparison of neural coupling was modeled within IBM SPSS, version 22.0 (IBM Corp) as follows: parameters were entered for pairs and task block as within-pair data (ie, 2 data points [A and B] per pair) and group as between-pair factor (cBPD-HC, rBPD-HC, or HC-HC) in a full factorial repeatedmeasures ANOVA model controlling for pairwise age (sum, difference). Following that step, direct group comparisons were performed via independent samples unpaired 2-tailed t tests.
Childhood Trauma and Risk of BPD
Adverse childhood experiences are assumed to lead to disorder-specific brain alterations, which create a risk for development of psychological disorders. 1,38 Accordingly, we examined a Childhood Trauma Questionnaire-coupling association using a multiple regression analysis (cBPD and rBPD) while controlling for current symptom severity to account for bias induced by the current level of interpersonal functioning (International Personality Disorder Examination scores, Global Assessment of Functioning). Childhood Trauma Questionnaire data were available for 21 patients with cBPD and 15 with rBPD.
Post Hoc Tests
Additional analyses were conducted to investigate possible contributors to the observed aberrant neural coupling in cBPD-HC pairs. Groups were compared regarding task- 
COI Structure
Group independent component analysis provided participantspecific spatial maps for each component. To test for groupspecific differences in the estimation of the rTPJ component and compensatory enclosure of other brain regions to the COI, images were entered in 1-way between-participant ANOVAs controlling for age. Group-level contrasts compared HC-HC pairs with combined BPD subsamples and with separate subsamples in both directions (BPD-HC, cBPD-HC, and rBPD-HC vs HC-HC).
Voxel-Based Morphometry
For analysis of brain structure, T1-weighted, anatomical wholebrain images were acquired and analyzed within the VoxelBased Morphometry toolbox (VBM8; http://www.neuro.unijena.de/vbm/) applying default settings (eAppendix in the Supplement). Gray matter volumes of rTPJ were extracted and compared between groups within a univariate ANOVA. These data were available for 108 participants: all rBPD-HC pairs, 20 patients with cBPD, 20 HC-cBPD pairs, and 34 HC-HC pairs (all missing data were owing to failure to acquire the data).
Results

Permutation Tests
Permutation was computed for the full sample and for each subsample individually. Consistent with prior results, neural coupling occurred during direct social interaction and was unique to truly interacting pairs (coupling real pairs mean = 0.18; nonpairs mean = 0.12; P < .001). Correspondingly, all subsamples showed significantly higher neural coupling within real pairs than nonpairs (cBPD-HC mean, 0.14, P = .03; rBPD-HC mean, 0.20, P = .005; and HC-HC mean, 0.21, P < .001).
Group Tests
Groups were compared regarding pairwise neural coupling parameters. As hypothesized, groups differed as a function of current symptoms, with lower neural coupling in pairs involving BPD ( Figure 3A ; cBPD-HC mean, 0.14; rBPD-HC mean, 0.20; and HC-HC mean, 0.21). Correspondingly, direct comparison revealed a main effect of group (F 2,55 = 5.5; P = .007; after exclusion of patients with cBPD who were receiving medication: F 2,50 =3. 6;P = .04), indicating a significant difference of neural coupling between cBPD-HC, rBPD-HC, and HC-HC pairs.
Comparisons of groups via independent-samples t tests indicated lower neural coupling for cBPD-HC pairs than for both other subsamples (cBPD-HC/HC-HC T 41 =2.8;P = .009; cBPD-HC/rBPD-HC T 38 =2.85;P = .02); however, there were no statistically significant differences in group means between remission and health (rBPD-HC/HC-HC T 35 =0.2;P = .88). This finding suggested a state dependency of neural coupling. The quantification of childhood maltreatment of patients was significantly associated with the neural parameters in a regression model (BPD T 28 =2.3;P = .03; Figure 3B ).
Post Hoc Tests
Further analyses investigating brainwide structural and functional group differences failed to provide a plausible cause for the observed aberrations in neural coupling. The comparison of interaction-related brain activity showed no difference between investigated groups, which held for both directions of group contrasts (BPD [JA>NoJA] vs HC [JA>NoJA]), 2 group definitions (full BPD-HC or BPD samples [JA>NoJA] vs the HC-HC [JA>NoJA] sample), and on a whole-brain level as well as within rTPJ only. Participant-level COI spatial maps were compared and yielded no significant difference for any contrast or group definition. Similarly, we found no significant whole-brain and rTPJ gray matter volumes between the groups. Post hoc tests showed that impaired cross-brain information flow was not 
Research Original Investigation
State-Dependent Cross-Brain Information Flow in Borderline Personality Disorder explained by group differences in the task-related activation or structure of the brain systems involved.
Discussion
Our aim was the investigation, using hyperscanning, of neural correlates of disturbed social behavior in patients with BPD, the association with early trauma, and their state dependency. As hypothesized, we observed significantly lower crossbrain neural coupling during cooperation within pairs involving cBPD. This finding highlights a neural mechanism that may underpin patients' difficulties in initiating and maintaining social interactions and relationships in everyday life. More important, this finding was not associated with any between-group differences in individual brain structure or function, which suggests that neither a deviant volume of rTPJ nor a decreased brain activation nor TPJ embedding in a social brain network was accountable for observed aberrations. Moreover, the finding emerged only in the study of information flow between dyads, indicating a necessity of 2-person approaches. As hypothesized, the disturbance in neural interaction during a JA task, a function that emerges early in development, was linked to early traumatization, which is assumed to cause other functional and structural developmental changes in later developed BPD. [39] [40] [41] This finding suggests neural coupling deficits as 1 additional neural mechanism through which early trauma and altered brain development may translate to impairments in social function. Our findings are associated with a core domain of BPD, since the symptoms of BPD are closely associated with unstable and unsuccessful relationships, and the coupling we measured is a quantitative neurobiological measure associated with human-to-human interaction that estimates social expertise.
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The ability to synchronize brain activity with a conspecific was a process we observed during interaction. Given the simplicity of the performed interaction, our study provided few data on unsuccessful social contact. However, we expect neural coupling and similar parameters to prove as highly valuable for a biology-based understanding of the formation of social bonds and relationship-defining variables such as interpersonal sympathy.
Against our a priori hypothesis, between-brain coupling during interaction with patients with rBPD did not differ from that in HCs. Personality disorders are by definition stable across the lifespan 14 and believed to remain largely inflexible. In a cross-sectional approach, we detected no differences in our interaction-related neural coupling indices between rBPD-HC pairs and HC-HC pairs. This finding is in line with the high remission rate of BPD of 75% to 85% after 6 to 10 years 46-48 and joins few available findings on neural function in rBPD 49 that suggest higher plasticity and therapeutic accessibility than often assumed, providing neuroscientific support for an active therapeutic stance in these common, severe, and often disabling disorders. 38 We believe that our work illustrates the usefulness and necessity of a shift toward 2-person approaches in clinical neuroscience, as suggested elsewhere.
50 Novel approaches will be valuable for treatment and, following our results, might consider rTPJ function: for example, neural synchronization might be nudged through brain stimulation or through intake of "social drugs," such as oxytocin.
51
Limitations
Our study has some limitations. We exclusively studied women owing to the low admission rate of men with BPD in psychiatric care. Although preserved neural coupling has been shown for male HCs, 25 generalizability of the reported deficits to men with BPD cannot be assumed. Similarly, the examination of cross-brain coupling during patient-patient interaction is advised. Second, patients with rBPD were naturally older than those in the other subsamples owing to treatment duration, and we controlled for age in all analyses. Moreover, directionality of age effects did not correspond to directionality of neural coupling differences and therefore did not affect interpretation of results. Third, the JA task was designed to probe a fundamental neural deficit and, thus, core aspects of social interaction during cooperation. We therefore aimed for a high success rate to avoid behavioral abnormalities during task performance per se, which would have confounded the interpretation of neural coupling group differences. The advancement of hyperscanning (alongside analysis methods) toward complex social behavior is desirable given the reports on disturbed trust and relationship development in BPD-HC pairs. 4 Also, JA has not been known to be disturbed in BPD (to our knowledge, this is the first study investigating JA in patients with BPD). Therefore, disorder specificity should be tested for conditions in which JA deficits have been reported. 52 Finally, our cross-sectional design provides valuable insight into the neurobiological mechanism of BPD remission, although we support further validation through longitudinal approaches.
Conclusions
This study exemplifies the application of a 2-person neuroimaging approach for the investigation of the neurobiology of severe psychiatric conditions during immediate social cooperation. Our findings suggest a disruption of a cross-brain marker of social interaction only during acute BPD states, not after remission of diagnostic criteria. Although longitudinal verification is necessary, this study supports neural coupling as a state-dependent neuroimaging marker of human social interaction and challenges the current understanding of BPD as an inflexible cognitive and neurobiological style. were randomly assigned. Trial onsets were pseudo-jittered (random jitters across trials, same onsets for all subjects), resulting in a total task time of 645s.
ARTICLE INFORMATION
Behavioral data
The JA task was designed as a simple and early learned from of interaction for the investigation of cross-brain information flow under cooperative interactive conditions. This resulted in an average successful trial completion of 94% with SD = 6.6 (mean cBPD-HC = 93.4%, SD = 7.8; mean rBPD-HC = 93.4%, SD = 6.1; mean HC-HC = 94.0%, SD = 5.8), with a mean reaction time of 2.24s and SD = 0.3 (mean cBPD-HC = 2.18s, SD = 0.3; mean rBPD-HC = 2.33s, SD = 0.3; mean HC-HC = 2.25s, SD = 0.3). As hypothesized, we found no group differences in task performance in two main readouts of the behavioral data: neither the regression model examining the percentage of successful interaction trials (T = 0.3, p = 0.76), nor the same model comparing mean reaction time (T = 0.96, p = 0.34) indicated a significant difference, thus behavioral data was not included in further analyses of neural coupling. This highlights the importance of follow-up studies investigating different social behavior of sufficient variability to associate behavioral and neural data; possibly anchoring neural coupling in every day human life.
Data Acquisition and Preprocessing
Data were acquired at two identical labs at CIMH, each equipped with a Siemens Trio 3T MRI scanner (Siemens, Erlangen, Germany), as well as a custom designed mirror box (MRC Systems GmbH, Heidelberg, Germany) holding face camera. Sites were connected via fiber optics transmitting MRI triggers, behavioral data, and video stream. The same echo-planar imaging protocols were used: TR=1550ms, TE=30ms, FOV=192mm 2 , 28 slices, 4mm thickness, 1mm gap, flip angle 73°, 423/420 volumes (triggering/triggered scanner 13 ). Data were inspected for data quality measures (eTable 1). Preprocessing was conducted within Statistical Parametric Mapping software (SPM8, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) within MATLAB (v.2011b, http://www.mathworks.com/products/matlab/) and included realignment to mean image, slice time correction, normalization to standard stereotactic space (Montreal Neurological Institute, MNI), and smoothing using a Gaussian kernel filter with 8 mm full-width-at-half-maximum.
Group ICA and COI Selection
We performed a group analysis of independent components (group ICA; GIFT toolbox for MATLAB v3.0a, http://mialab.mrn.org/software/gift/index.html), for which preprocessed data sets were concatenated temporally and components were estimated based on the full data. The estimation was blind for task, pair, or group assignment. Task blocks were entered as sessions. Component numbering was arbitrary, and 16 components (scaled to percent signal change of the blood oxygen level dependent signal) were estimated for the full data set as defined by minimum description length criterion. In prior work, rTPJ was found as the core region driving cross-brain neural coupling 13 , and we selected the component representing this brain region as the component of interest (COI) to undergo further analysis 13 . For this, a mask was created for the rTPJ using WFU PickAtlas and IBASPM116 catalogue. Furthermore, to credit a meaningful parcellation of rTPJ regarding an anterior and a posterior share, provided spatial maps for each subregion were used 14 . Lastly, the components we had previously identified to display significant neural coupling in two samples 13 were binarized with a threshold of 0.15. As illustrated in eTable 2, all comparisons favored component #13 as the COI by means of higher regression parameters for this component than any other component within a multiple regression analysis comparing spatial consistency of components with the respective target spatial map (Figure 2a ). To assure (temporal) specificity of the COI to interaction, we performed a multiple regression analysis using the task design as the dependent variable and subject-specific time course as dependent measure, resulting in regression parameters indicating the engagement of the COI to INT and NoINT 13 . For an interaction-related COI, a higher association is required with INT than NoINT. To test this, subject parameters were then compared between task phases within a repeated measures ANOVA (within-subject factor task-blocks A and B, betweensubject factors group and age). The direct comparison of COI association to task phases revealed a significant difference in association levels, with higher beta values for INT (0.29) as compared to NoINT (0.15; F (2,238) = 20.1, P < 0.001). Further tests showed no main effect of group was found for the full sample (F (2,116) = 0.5, P = 0.6), or when comparing BPD subjects only to HC-HC (F (2,76) = 1.2, P = 0.3).
Temporal characteristics of neural coupling
The within-pair contrast of tasks blocks A and B of the repeated measures ANOVA reported for the main group comparison of neural coupling examines changes of neural coupling over time (either in the form of an increase over time due to social learning with the task partner or as habituation to the task). Here, we found no differences between the first and second half of the paradigm (F (1,55) = 2.0, p = 0.16), and no significant time*group interaction (F (2,55) = 2.2, p = 0.12).
Clinical status and neural coupling
While our cBPD and rBPD did not differ in treatment variables such as the number of therapies received, types of therapies received or types of psychoactive drugs used (see Table 1 ) we further conducted a supplementary analysis to exclude the possibility of a hidden influence on clinical measures on the observed group differences in neural coupling. Importantly, depressiveness (as assessed via BDI II) was observed to be significantly higher in cBPD than rBPD. In addition, patients may possibly feel much more anxious and show different levels of psychopathology in unforeseen situations, in particular in a high arousal state. We therefore took into account the arousal of patients prior to the MRI scan (quantified using the Self-Assessment Manikin, SAM) 15 . These measures were included in the main analysis investigating neural coupling to control for clinical status (repeated measures ANOVA; for cBPD-HC and rBPD-HC), and found our core main group effect to remain (F (1,29) = 5.4, p = 0.03). Concluding, although depressiveness and aroused state successfully captured symptom-based differences between cBPD and rBPD, these measures did not account for differences in our neural interaction-related readout.
BPD-specific component selection
Single-subject fMRI studies have outlined a dysregulation of the Amygdala and the insula cortex as a commonly found neural abnormality in BPD [16] [17] [18] [19] . In order to examine these regions in the context of neural coupling in BPD, ICA components representing amygdala (#6) and insula cortex (#15) were selected as described for the selection of the rTPJ component using predefined masks (WFU PickAtlas and IBASPM116 catalogue) and underwent the full selection procedure described in 13 . For Hyperscanning data analysis, we preselect ICA components that are associated with social interaction, or INT, respectively (see section Group ICA and COI Selection above). To gain a measure of association with interaction, a regression analysis was performed using task design as the dependent measure (separating INT and NoINT), and subject-specific time-courses for the respective component as the independent measure. This results in beta coefficients representing the engagement of the component with the respective task phase. For an interaction-related component of interest (COI), a significant positive engagement during task phases of interaction (INT) and compared to individual performance (NoINT) is required, which is captured by a comparison of these beta weights. We therefore compared these beta weights in a repeated measures ANOVA (within-subject factors: task phase, task block; between-subject factors: group). Similarly to considerations above, significant group differences would point to a differential engagement of the brain region to the task (i.e., either diminished activation or no difference between interaction and no interaction), which we do not expect for BPD. For both components (amygdala #6, insula #15) we did observe higher absolute mean beta values for NoINT than for INT, a significant difference between task phases (amygdala: F (2,234) = 6.4, p = 0.01; insula: (F (2,234) = 39.8, p < 0.001), but no group*phase interaction (amygdala: F (2,234) = 1.2, p = 0.32; insula: (F (2,234) = 0.14, p = 0.87). (see figure below). Since both amygdala as well as insula networks therefore exhibited activity that was not specifically higher during interaction, they were not considered for coupling analysis.
Voxel-based morphometry
T1-weighted images were acquired in a magnetization-prepared rapid gradient echo sequence (TR = 2300ms, TE = 3.03ms, TI = 900ms, FOV = 256x256mm 2 , flip angle = 9°, plane = transaxial, slice thickness = 1mm, voxel size = 1mm 3 isomorph, 192 slices). Analyses were performed using default parameters within the VBM8 toolbox in SPM8. Following segmentation based on tissue probability maps, images were bias corrected, regularized by affine warping, and normalized to MNI space by applying diffeomorphic anatomic registration through exponentiated lie algebra 20 . Normalized images were smoothed using an 8mm Gaussian kernel (Full Width at Half Maximum). 
eFigure. Joint Attention Task
The joint attention task requires social interaction and information flow between pairs during cooperative task completion (JA), and includes phases of individual performance (No JA) for comparison.
